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Abstract

A prominent function of TGIF1 is suppression of transforming
growth factor beta (TGF-b) signaling, whose inactivation is deemed
instrumental to the progression of pancreatic ductal adenocarci-
noma (PDAC), as exemplified by the frequent loss of the tumor
suppressor gene SMAD4 in this malignancy. Surprisingly, we found
that genetic inactivation of Tgif1 in the context of oncogenic Kras,
KrasG12D, culminated in the development of highly aggressive and
metastatic PDAC despite de-repressing TGF-b signaling. Mechanis-
tic experiments show that TGIF1 associates with Twist1 and inhi-
bits Twist1 expression and activity, and this function is suppressed
in the vast majority of human PDACs by KrasG12D/MAPK-mediated
TGIF1 phosphorylation. Ablating Twist1 in KrasG12D;Tgif1KO mice
completely blunted PDAC formation, providing the proof-of-prin-
ciple that TGIF1 restrains KrasG12D-driven PDAC through its ability
to antagonize Twist1. Collectively, these findings pinpoint TGIF1 as
a potential tumor suppressor in PDAC and further suggest that
sustained activation of TGF-b signaling might act to accelerate
PDAC progression rather than to suppress its initiation.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading

cause of cancer death and one of the most aggressive human

malignancies (Hidalgo, 2010; Jemal et al, 2010). The vast majority

of PDAC patients present with inoperable disease and rapidly

succumb from a devastating illness characterized by a very rapid

tumor dissemination and severe cachexia, leading to treatment

intolerance and general organ dysfunction (Hidalgo, 2010; Jemal

et al, 2010; Stathis & Moore, 2010). Advanced PDAC has a

cumulative 5-year survival rate of < 5% (Kern et al, 2011; Maitra

& Hruban, 2008).

Pancreatic ductal adenocarcinoma evolves through a series of

pre-neoplastic lesions, termed pancreatic intraepithelial neoplasia

(PanIN), accompanied by recurrent genetic alterations, the earliest

and most ubiquitous of which activating mutations in the KRAS

proto-oncogene, affecting more than 90% of PDAC patients (Almo-

guera et al, 1988; Hezel et al, 2006). Given their high incidence at

very early stage PanIN, perturbations in KRAS are considered as key

genetic determinants in PDAC initiation. The accumulation of addi-

tional inactivating mutations in other tumor suppressor genes (e.g.,

p16INK4A, TP53, and SMAD4) occurs at high frequency in late-stage

PanIN, and these alterations are deemed essential for tumor progres-

sion and metastasis (Hezel et al, 2006; Iacobuzio-Donahue, 2012).

Considerable efforts have been made during the last two decades

to generate animal models that faithfully recapitulate the natural

history of human PDAC. For instance, mice with pancreas-specific

expression of KrasG12D develop PanINs that can gradually progress

to invasive PDAC, providing evidence for oncogenic KRAS as the

major driver in PDAC (Hingorani et al, 2003; Tuveson et al, 2004).

In contrast, engineering p16Ink4a, Trp53, or Smad4 inactivating

mutations into pancreas failed to induce pancreatic neoplasia per se,

and expression of KrasG12D appeared critical for their malignant

properties (Aguirre et al, 2003; Bardeesy et al, 2006a,b; Hingorani

et al, 2005). Along these lines, concomitant KrasG12D expression and

inactivation of p16Ink4a or Trp53 accelerate the development of

PDAC with clinical and histological features that closely recapitulate

key aspects of the human disease, such as the highly reactive desmo-

plastic stroma and aggressive metastatic behaviors (Aguirre et al,

2003; Bardeesy et al, 2006a; Hingorani et al, 2005). Likewise,

concomitant KrasG12D expression and Smad4 inactivation result in

rapid development of highly invasive PDAC tumors resembling intra-

ductal papillary mucinous neoplasia (IPMN), a precursor to PDAC in

humans (Bardeesy et al, 2006b; Whittle et al, 2015). Intriguingly,

these IPMN/PDAC tumors retain a well-differentiated ductal struc-

ture and manifest an attenuated metastatic potential, creating a

conundrum of how Smad4 could enhance malignant conversion of

PDAC while simultaneously compromising its metastatic potential.

Owing to its prominent function in TGF-b signaling, these seemingly
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distinct effects of Smad4 have been attributed to a potential bimodal

role of TGF-b signaling that typically manifests during cancer initia-

tion and progression in a number of human malignancies (Mas-

sague, 2008). However, since these genetic studies relied exclusively

upon suppression of TGF-b/Smad signaling (Bardeesy et al, 2006b;

Whittle et al, 2015), it remains unclear whether activation of the

TGF-b pathway is indeed needed to sustain the metastatic pheno-

type, and, if so, whether this entails an intact Smad signaling. Such

information would produce insights into the so-called divergent

actions of TGF-b signaling and also ascertain whether targeting this

pathway is prudent for cancer therapeutics when both tumor-

suppressive and promoting features might co-exist.

TGF-b initiates responses by contacting two types of transmem-

brane Ser/Thr kinases called type I (TbRI) and type II (TbRII) recep-
tors, promoting phosphorylation and activation of TbRI by the TbRII
kinase (Attisano & Wrana, 2002; Massague et al, 2005). In the

canonical pathway, the activated TbRI propagates signals by phos-

phorylating intracellular downstream effectors, Smad2 and Smad3

(Smad2/3), which then complex with Smad4 and translocate to the

nucleus to regulate expression of TGF-b target genes through coop-

erative interaction with general transcriptional coactivators or core-

pressors (Massague et al, 2005). The ability of TGF-b pathway to

regulate vast arrays of target genes enables the pathway to impact

diverse cellular processes including proliferation, apoptosis, dif-

ferentiation, and migration (Feng & Derynck, 2005; Massague,

2008).

Because of its critical roles in cell fate determination, TGF-b
signaling is subject to many levels of positive and negative regula-

tion, targeting both receptors and intracellular mediators. For exam-

ple, TGF-b signaling can be limited by TG-interacting factor 1

(TGIF1), a nuclear protein originally thought to repress Smad tran-

scriptional activity by binding to Smad2 and Smad4 on promoters of

target genes and recruiting corepressor complex containing histone

deacetylases (HDAC; Wotton et al, 1999). However, recent studies

from our laboratory have revealed that TGIF1 can also interfere with

early phases of TGF-b signaling, presumably by restricting access of

Smad2 for phosphorylation by TbRI (Ettahar et al, 2013; Seo et al,

2006). Congruently, Tgif1 inactivation either in vitro or in vivo is

sufficient for Smad2/3 phosphorylation and attendant integration of

the TGF-b transcriptional program. As such, exploring the role of

TGIF1 in PDAC could provide new insights into how TGF-b signal-

ing influences PDAC behaviors, in particular whether TGF-b’s
actions on proliferation and metastasis depend on its ability to

impact cell proliferation, alter processes that orchestrate the malig-

nant conversion and metastasis or both.

In this study, we combined several orthogonal approaches and

models to demonstrate that TGIF1 functions as a potential tumor

suppressor in PDAC driven by KrasG12D. We found that although

Tgif1 inactivation in the pancreatic epithelium culminated in hyper-

activation of TGF-b signaling, it enabled rapid development of

highly aggressive and metastatic PDAC. We provide molecular and

genetic evidence that TGIF1 functions to suppress PDAC progression

by antagonizing the pro-malignant transcription factor Twist1.

Collectively, these findings unveil an unanticipated tumor suppres-

sor role for TGIF1 in PDAC, therefore offering an unprecedented

framework for further exploring the concept in which TGF-b cyto-

static signaling fulfills biphasic role during PDAC initiation and

progression.

Results

TGIF1 is dispensable for normal pancreatic development

Mice with global homozygous deletion of Tgif1 (Tgif1�/�) have

been shown to display a variety of subtle phenotypes, including

runting and intestinal inflammation (Bartholin et al, 2008; Hneino

et al, 2012; Taniguchi et al, 2012). However, further targeted

comprehensive analysis of these mice failed to reveal any overt

pathology in the pancreatic function, as evidenced by the normal

fasting blood glucose levels, gain of body weight, and unperturbed

pancreatic parenchymal architecture (Fig EV1A–C). To confirm

these observations, we generated mice with pancreas-specific dele-

tion of Tgif1 (Tgif1KO) by crossing Tgif1fl/fl mice with Pdx1-Cre mice,

which express Cre recombinase in all pancreatic progenitor cells

beginning during early development at E8.5 (Gu et al, 2003; Shen &

Walsh, 2005). Tgif1KO mice were born at the Mendelian ratio,

showed no evidence of any gross anatomic or physiological abnor-

malities, and had normal body weight and life expectancy

(Fig EV1D, see also Fig 1C). Immunoblotting analysis confirmed the

loss of TGIF1 expression in pancreatic tissue from Tgif1KO mice

(Fig EV1E). As anticipated (Ettahar et al, 2013; Seo et al, 2006),

both immunoblotting and immunofluorescence showed a marked

increase in Smad2 phosphorylation in Tgif1KO mice relative to wild-

type littermates (Figs 1A and EV1E). Despite elevated TGF-b/Smad

signaling, Tgif1KO mice pancreata were indistinguishable from those

of wild-type mice in overall histology, as assessed by staining with

hematoxylin and eosin (H&E) or immunohistochemistry (IHC) using

antibodies to Amylase (acinar marker) or Cytokeratin 19 (CK19;

ductal marker; Fig 1B). Likewise, there were no changes in the

expression of pancreatic endocrine markers, including Insulin (b-
cells) and Glucagon (a-cells), which is consistent with the normal

fasting blood glucose (Fig EV1F and G). Finally, none of the Tgif1KO

mice developed pancreatic neoplasms during an observation period

of 18 months (Fig 1C–E). Thus, the apparently healthy pancreas in

both Tgif1�/� and Tgif1KO mice indicated that constitutive activation

of TGF-b/Smad signaling throughout embryonic development and

postnatal life was insufficient to perturb pancreas homeostasis or

promote sporadic pancreatic cancer development.

Tgif1 inactivation accelerates KrasG12D-driven PDAC

Based on PDAC mouse models with either TbRII or Smad4 deletion,

it has been postulated that inactivation of TGF-b signaling facilitates

PDAC progression (Bardeesy et al, 2006b; Ijichi et al, 2006). Never-

theless, other studies have reported that TGF-b signaling is highly

active during late stages of PDAC (Bardeesy et al, 2006b; Friess

et al, 1993; Wagner et al, 1999). We independently confirmed this

observation by assessing TGF-b1 expression in a human PDAC

tissue microarray (Fig EV1H). We also detected increased Smad2

phosphorylation in PDAC tumors (Fig EV1I) from three well-charac-

terized mouse models of PDAC, e.g., KrasG12D;Pdx1-Cre (KC),

KrasG12D;Trp53R172H/+;Pdx1-Cre (KPC), and KrasG12D;p16Ink4a�/�;
Pdx1-Cre (KIC; Bardeesy et al, 2006a,b; Hingorani et al, 2005). The

fact that Tgif1 inactivation leads to de-repression of TGF-b signaling

provided us with a unique platform to delineate the exact role of

TGF-b signaling in PDAC under gain-of-function conditions instead

of loss-of-function conditions, as performed in previous genetic
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Figure 1. Tgif1 inactivation deepens KrasG12D-driven PDAC.

A Formalin-fixed paraffin-embedded (FFPE) sections from control or Tgif1KO mice were immunostained with anti-pSmad2 antibody and revealed by
immunofluorescence (IF) and DAPI. Representative pictures at 40× are shown (n = 30). Scale bars, 100 lM.

B FFPE pancreatic sections from control or Tgif1KO mice were stained with hematoxylin and eosin (H&E) or immunostained with antibodies to CK19 or Amylase and
revealed by IHC. Representative pictures at 20× are shown (n = 30). Scale bars, 200 lM.

C Kaplan–Meier survival analysis of control, Tgif1KO, KC, and KTC mice. A regular mosaic two-color line was used to discriminate between control and Tgif1KO mice.
D Pictures of whole pancreas and spleen tissues from control, Tgif1KO, KC, or KTC mice (left). Weight of pancreas was measured and presented as dot plot (n = 30).
E FFPE pancreatic sections from control, Tgif1KO, KC, or KTC were stained with H&E or subjected to IHC analysis using antibodies to CK19 or a-SMA. Yellow arrows

indicate PanINs in KC mice. Representative pictures at 20× are shown (n = 30). Scale bars, 200 lM.

ª 2019 The Authors The EMBO Journal 38: e101067 | 2019 3 of 19

Parash Parajuli et al The EMBO Journal



studies (Bardeesy et al, 2006b; Ijichi et al, 2006). Thus, we set out

to conduct comparative experiments using mice with KrasG12D alone

(KC) or in combination with Tgif1 conditional deletion (termed

thereafter as KTC mice). Consistent with previous findings (Hingo-

rani et al, 2003; Tuveson et al, 2004), most KC mice showed

uniformly good health through age of 20 weeks, and thereafter, a

subset of these mice succumbed to PDAC (Fig 1C). Perhaps surpris-

ingly, combining KrasG12D expression with Tgif1 deletion resulted in

a dramatic acceleration of the onset of PDAC. Notably, at 8 weeks

of age, the majority of KTC mice began to demonstrate jaundice and

abdominal distension due to ascites and the tumor itself (Fig 1D).

Kaplan–Meier analysis showed a dramatic decrease in median

survival of KTC mice as compared to KC mice (Fig 1C). Noteworthy,

all KTC mice died within 19 weeks, whereas more than 78% of KC

survived within this time period (Fig EV1J). Gross inspection at

necropsy revealed that KTC tumors were irregularly shaped with

white appearance (Fig 1D), typical characteristic of PDAC (Hingo-

rani et al, 2003). Moreover, splenomegaly was frequently observed

in these mice (Fig 1D). At this stage, pancreas of KC mice displayed

almost normal appearance (Fig 1D). Microscopic examination

showed that KTC tumors displayed uniformly poorly differentiated

architecture, which occupied the entire pancreas, resulting in almost

complete loss of normal pancreatic tissue (Fig 1E). They stained

positive for the ductal marker CK19 and were negative for Amylase

and Chromogranin A (Figs 1E and EV1K), consistent with a PDAC

phenotype. The tumors also displayed a marked desmoplastic

stroma, as assessed by the strong expression of alpha smooth

muscle actin (a-SMA; Fig 1E), a feature frequently seen in human

PDAC (Feig et al, 2012; Ozdemir et al, 2014). Of note, age-matched

KC mice developed PanINs that were confined within large areas of

normal pancreas exhibiting well-organized acinar architectures

(Fig 1E), as reported previously (Bardeesy et al, 2006a,b; Hingorani

et al, 2003; Ijichi et al, 2006). These data strongly suggest that loss

of TGIF1 function might promote the development and/or progres-

sion of PDAC driven by KrasG12D.

Tgif1 inactivation drives PDAC metastasis

The accelerated progression of PDAC in KTC mice promoted us to

conduct more detailed pathological analyses to assess the kinetics of

PDAC formation and progression under TGIF1 deficiency condi-

tions. KC mice have been reported to develop focal PanINs as early

as 4 weeks, but most of the lesions do not progress into malignant

PDAC over the next 40 weeks (Bardeesy et al, 2006a,b; Hingorani

et al, 2003; Ijichi et al, 2006). Histological analysis at 4 weeks of

age showed that KTC mice pancreata displayed very few multifocal

isolated PanINs and acinar-ductal metaplasia (ADM) lesions embed-

ded within abundant normal pancreatic areas, similar to what

observed in age-matched KC mice (Appendix Fig S1A). At 8 weeks

of age, most of KTC mice displayed abundant high-grade PanINs

and full PDAC lesions, whereas their age-matched KC counterparts

still have only focal low-grade PanINs (Appendix Fig S1A). Consis-

tently, PanINs in KTC mice displayed increased proliferation rate

compared to PanINs in KC mice, as determined by BrdU incorpora-

tion (Appendix Fig S1A). The penetrance of tumor appearance

across mice of the KTC genotype was 100% at the age of 18 weeks

(Figs 1C and EV1J). Collectively, these findings illustrate that Tgif1

inactivation accelerates KrasG12D-driven PDAC formation.

Apart from KTC mice that were sacrificed as they reached termi-

nal morbidity due to heavy tumor burden, the remaining mice

(63%) that survived beyond 8 weeks developed PDAC with both

local invasion and distant macroscopic metastases into the liver

(Fig 2A). Further histopathological analysis of primary PDAC

tumors by H&E or immunofluorescence (IF) using anti-Vimentin

antibody showed massive invasion of lymph node, a phenotype

never seen in age-matched KC mice (Fig 2B). To provide further

evidence that Tgif1 inactivation promotes PDAC metastasis, we

generated KC and KTC mice harboring a Cre-inducible luciferase

(Cheung et al, 2008) to monitor PDAC metastatic spread in live

animals. Relative to age-matched KCLuc mice, which showed only

weak local bioluminescence signal, 5 out of 6 KTCLuc mice displayed

disseminated PDAC, affecting both lung and liver (Fig 2C), two sites

associated with human PDAC (Stathis & Moore, 2010). None of the

six mice developed metastasis to the brain (Fig 2C). H&E analysis

confirmed the presence of metastatic lesions in liver and lung in

KTCLuc mice but not in KCLuc mice (Fig 2B). As anticipated, both

liver and lung of Tgif1KO mice showed normal appearance

(Appendix Fig S1B). Thus, Tgif1 inactivation appeared to accelerate

the metastatic behaviors of PDAC driven by KrasG12D.

Next, we conducted comparative experiments to assess TGF-b
signaling in PDAC from KTC and KC mice. As gauged by IHC, KTC

mice displayed more pronounced pSmad2 abundance compared to

KC mice irrespective of whether the lesions correspond to PanINs or

PDAC (Appendix Fig S1C). Consistently, KTC mice also displayed

increased staining of JunB (Appendix Fig S1C), a well-characterized

TGF-b target gene (Sundqvist et al, 2018). Similar results were

obtained when Smad2 phosphorylation and JunB expression were

analyzed by immunoblotting and/or qRT–PCR (Fig 2D and E).

Collectively, these data reveal that TGF-b signaling is hyperactive in

KTC mice during PDAC progression, therefore raising the possibility

that activation of this pathway may predominately serve to acceler-

ate the malignant conversion of PDAC rather than to fulfill a check-

point mechanism to constrain tumor initiation.

TGIF1 represses Twist1 expression

Accumulating evidence supports a role of Twist1 in KrasG12D-driven

tumorigenesis and metastasis in a variety of organ systems, includ-

ing pancreas (Hong et al, 2011; Lee & Bar-Sagi, 2010). To gain

mechanistic insight into how TGIF1 deficiency promotes PDAC

development and progression, we sought to explore further an inter-

action between TGIF1 and Twist1 that we identified in a yeast two-

hybrid system screening (Ettahar et al, 2013). Using transfected

HEK293T cells, we confirmed that TGIF1 displayed strong affinity

for Twist1 in mammalian cells (Appendix Fig S2A). Endogenous

TGIF1 and Twist1 also exhibit strong affinity for each other in the

human PDAC cell line MIAPaCa-2 (Fig 3A). We also detected an

endogenous interaction between TGIF1 and Twist1 in pancreatic

extracts from wild-type mice, but not from Tgif1KO mice, used as a

negative control (Fig 3B). Of note, the TGIF1-Twist1 interaction

does not require binding of TGIF1 and/or Twist1 to chromatin, as

treatment of samples with DNase I had little or no effect on the

assembly of TGIF1-Twist1 complex (Fig 3C). We also found that

treatment of Panc-1 cells with TGF-b up to 8 h had little or no effect

on the TGIF1-Twist1 interaction despite eliciting strong activation of

this pathway (Fig 3D and Appendix Fig S2C), suggesting that TGIF1
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Figure 2. Tgif1 inactivation promotes PDAC metastasis.

A Representative pictures of dissected abdominal region of KC and KTC mice. Yellow arrows indicate metastatic nodules in liver. Yellow dotted lines show the pancreas.
B FFPE sections of pancreas, liver, lungs, or lymph nodes from control, KC, or KTC mice were stained with H&E or immunostained with anti-Vimentin antibody and

revealed by IF. Representative pictures at 4× (Lymph node, H&E), 10× (Liver, H&E), and 20× (Pancreas, H&E; Lung, H&E; Lymph node, IF-Vimentin) are shown (n = 18–
30). Scale bars, 1,000 lM (Lymph node, H&E), 400 lM (Liver, H&E), and 200 lM (Pancreas, H&E; Lung, H&E; Lymph node, IF-Vimentin).

C Tumor volume and metastasis in live KCLuc and KTCLuc mice were analyzed by IVIS bioluminescence. Following imaging live animals, pancreas, brain, liver, and lung
were dissected and analyzed again by IVIS bioluminescence (n = 6, 5 out of 6 mice developed metastasis to liver and lung).

D Total cell lysates from pancreas of control, KC, or KTC mice were pooled and analyzed by immunoblotting using antibodies to pSmad2, Smad2, or JunB (n = 6).
E Expression of JunB in pancreas from control, KC, or KTC mice (same as in D) was analyzed by qRT–PCR (n = 6). Data are expressed as mean � SEM. **P < 0.01; based

on a two-tailed Student’s test.
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might interact with Twist1 in a manner independent of TGF-b
signaling.

Intriguingly, we noticed during the analysis of the TGIF1-Twist1

interaction that Tgif1 inactivation was associated with increased

abundance of the Twist1 protein (Fig 3B). Corroborating this

finding, overexpression of TGIF1 in the human PDAC cell line PL45

stably expressing a doxycycline-inducible TGIF1 decreased the

abundance of endogenous Twist1 protein and mRNA (Appendix Fig

S2C and D). Conversely, endogenous Twist1 protein and mRNA

expression was markedly increased upon depletion of TGIF1 in

PL45 expressing a Dox-inducible TGIF1 shRNA (Fig 3E), hinting at

the possibility that TGIF1 might repress Twist1 gene expression.

Several lines of evidence support a model in which TGIF1 func-

tions as a direct transcriptional repressor of Twist1. First,

overexpression of TGIF1 in MIAPaCa-2 cells elicited a marked

decrease in the activity of a luciferase reporter driven by the Twist1

promoter (TGTLuc; Appendix Fig S2E). Second, overexpression of a

TGIF1 mutant (TGIF1Δ), which is defective in its ability to recruit

the general transcription corepressor HDAC1 (Wotton et al, 1999),

had little or no effect on TGTLuc activity (Appendix Fig S2E). Third,

the Twist1 promoter contains a conserved canonical TGIF1 binding

site (TGCTGCTGTCAC; Bertolino et al, 1995), whose mutation

rendered the TGTLuc reporter insensitive to TGIF1 (Appendix Fig

S2E). Fourth, an oligonucleotide pull-down assay using purified HA-

TGIF1 confirmed the ability of TGIF1 to bind to the Twist1 promoter

(Appendix Fig S2F). Substitution of TG for AA in the oligonucleotide

blunted this binding (Appendix Fig S2F), attesting to the specificity

of this protein–DNA interaction. Fifth, chromatin immunoprecipitation

A B

G

E

F

D

C

Figure 3. TGIF1 associates with and inhibits Twist1 expression.

A–C Protein extracts from MIAPaCa-2 cells (left) and control or Tgif1KO mice (right) were immunoprecipitated using normal IgG, anti-TGIF1, or anti-Twist1 antibody and
analyzed by immunoblotting using antibodies to Twist1 or TGIF1 (A–C). In (C), cell lysates were treated with DNase I before coimmunopreciptation. To control for
loading, total cell lysates were analyzed by immunoblotting using antibodies to Twist1, TGIF1, or b-Actin.

D Panc-1 cells were treated with TGF-b for 30 min, and protein extracts were immunoprecipitated with anti-TGIF1 antibody and analyzed by immunoblotting using
anti-Twist1 antibody. To control for activation of TGF-b signaling, total cell lysates were analyzed by immunoblotting using anti-pSmad2 antibody.

E PL45 stably expressing Dox-inducible control or shRNA targeting TGIF1 were treated with vehicle or Dox for 48 h and analyzed for Twist1 expression by
immunoblotting or qRT–PCR (n = 6). In left panel, the intensity of the bands was assessed by densitometry, and the result was presented as a ratio of Twist1/TGIF1.
In right panel, data are expressed as mean � SEM. ***P < 0.001; ns, not significant; based on a two-tailed Student’s test.

F PL45 stably expressing Dox-inducible TGIF1 were treated with vehicle or Dox for 48 h and analyzed for binding of TGIF1 to the Twist1 promoter by ChIP and agarose gel.
G Pancreatic chromatin from control or Tgif1KO mice was analyzed for binding of TGIF1 to the Twist1 promoter by ChIP and agarose gel.
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(ChIP) assays using PL45-Dox-TGIF1 cells showed a robust binding

of TGIF1 to the TWIST1 promoter (Fig 3F and Appendix Fig S2G).

Finally, we detected strong binding of endogenous TGIF1 to the

Twist1 promoter in wild-type mice, but not in Tgif1KO mice, used as

a negative control (Fig 3G and Appendix Fig S2H).

TGIF1 antagonizes Twist1 transcriptional activity

Next, using PL45-Dox-TGIF1 cells expressing a Tam-inducible vari-

ant of Twist1 (Twist1ER; Mani et al, 2008), we found that Twist1 was

able to induce its own expression, and this effect was almost comple-

tely blocked by TGIF1 expression (Fig 4A). We noted that Tam stim-

ulation increased Twist1ER expression, which could probably be due

to increased stability of Twist1ER following its translocation to the

nucleus. Although the exact underlying mechanism is presently

unknown, the observation that Twist1 induces its own expression

together with the previous biochemical data showing a physical

interaction between TGIF1 and Twist1 prompted us to investigate

whether TGIF1 could interact with Twist1 on the Twist1 promoter

and represses Twist1 auto-transcriptional activity. An in silico analy-

sis identified a Twist1-binding sequence (E-box) located close to the

TGIF1-binding sequence in the Twist1 promoter. This Twist1-

binding sequence is functional, as overexpression of Twist1 acti-

vated the wild-type TGTLuc reporter, but had no effect on a mutant

lacking the Twist1 consensus sequence (Fig 4B). Interestingly, over-

expression of TGIF1 blocked Twist1-induced expression from

its own promoter (Fig 4B), highlighting an ability of TGIF1 to

suppress Twist1 auto-transcriptional activity. To investigate

whether TGIF1 and Twist1 could bind independently or coopera-

tively to the Twist1 promoter, we performed ChIP assays using

chromatin from mice with pancreas-specific deletion of Tgif1

(Tgif1KO) or Twist1 (Twist1KO). We found that deleting Tgif1 did

not influence binding of Twist1 to the Twist1 promoter, and vice

versa (Appendix Fig S3A and B). Collectively, these findings

provide strong evidence that TGIF1 binds to and represses Twist1

auto-transcriptional activity.

TGIF1 represses PDAC formation and progression by
antagonizing Twist1

It is well established that Twist1 promotes cell invasion and metas-

tasis by orchestrating the epithelial-to-mesenchymal transdifferenti-

ation (EMT), which is associated with loss of the epithelial marker

E-Cadherin and gain of the mesenchymal marker Vimentin (Mani

et al, 2008; Valastyan & Weinberg, 2011; Yang et al, 2004). Twist1

directly represses expression of the E-Cadherin gene (Cdh1), thereby

leading to disassembly of cell–cell junction and attendant cell migra-

tion. To provide further evidence that TGIF1 antagonizes Twist1

activity, we investigated whether TGIF1 could counteract Twist1-

mediated repression of E-Cadherin. Using PL45-dox-TGIF1 cells

stably expressing Twist1ER, we found that inducing Twist1 activity

resulted in a significant decrease in E-Cadherin protein expression,

and this effect was blunted by inducing TGIF1 expression

(Appendix Fig S3C). A similar conclusion could be drawn when

CDH1 (gene encoding E-Cadherin) mRNA expression was examined

by qRT–PCR (Appendix Fig S3D). We also detected decreased

expression of both E-Cadherin protein and mRNA in KTC mice as

compared to KC mice (Fig 4C and D). To substantiate these findings,

we compared the extent of EMT between KTC and KC mice. Relative

to KC mice, E-Cadherin expression was decreased in KTC mice,

concurring with increased expression of Vimentin (Fig 4C–E and G),

indicative of Twist1 activation and the resulting EMT. These find-

ings suggest that TGIF1 might function to oppose Twist1-induced

EMT, perhaps thereby inhibiting PDAC metastasis.

Besides its role in mediating EMT and cell invasion, Twist1 is

deemed to contribute directly to malignant transformation owing to

its ability to influence major tumor suppressor and oncogenic

signaling pathways that are deregulated in most human cancers

(Lee & Bar-Sagi, 2010; Maestro et al, 1999; Piccinin et al, 2012;

Shiota et al, 2008; Vichalkovski et al, 2010). In the context of PDAC,

Twist1 has been shown to directly repress expression of p16Ink4A,

thereby allowing KrasG12D to bypass cell senescence and thus to

initiate tumorigenesis (Lee & Bar-Sagi, 2010). To further substanti-

ate the relationship between TGIF1 and Twist1, we extended our

experiments to analyze expression of p16Ink4A. Similar to

E-Cadherin, activation of Twist1ER by Tamoxifen in PL45-dox-

TGIF1-Twist1ER cells reduced p16Ink4A expression, and this inhibi-

tory effect was relieved upon inducing TGIF1 expression

(Appendix Fig S3C and E). In vivo, KC mice displayed decreased

expression of p16Ink4a when compared to control mice (Fig 4C, F,

and G), which is consistent with previous studies (Lee & Bar-Sagi,

2010). More importantly, relative to KC mice, KTC mice displayed a

further decrease in p16Ink4A expression (Fig 4C, F, and G), lending

further support to the hypothesis that TGIF1 might inhibit Twist1

oncogenic activity.

To investigate whether Twist1 could contribute to the PDAC

phenotype driven by the combined Tgif1 deletion and KrasG12D

expression, we generated mice with pancreas-specific Twist1 dele-

tion in the KTC background (referred to hereafter as KTWC mice).

KTWC mice were born with Mendelian frequencies, and no pheno-

typic differences between KTWC mice and KTC or wild-type litter-

mates were observed. Remarkably, the vast majority of KTWC mice

remained healthy and free of tumors, and none of them developed

metastatic lesions into the liver during the entire observation period

of 25 weeks (Fig 5A and B). In comparison, all KTC mice

succumbed to invasive PDAC by 19 weeks, 63% of which had liver

metastasis (Fig 5B). During the course of this study, we also gener-

ated KC mice deleted of Twist1 (KWC) and found that Twist1 inacti-

vation completely blocked the PDAC phenotype driven by KrasG12D

alone (Appendix Fig S4A–C). Noteworthy, Twist1 deletion

prevented the decrease in expression of Cdh1 and p16Ink4A mRNA

as well as the increase in expression of Vimentin mRNA in KTC

mice (Fig 5C–E), and these were further reflected in their protein

levels (Appendix Fig S4D), providing further evidence that Twist1

deletion can block both PDAC formation and progression in KTC

mice. Collectively, these genetic experiments provide strong

evidence that Twist1 plays an important role in PDAC progression

driven by KrasG12D alone or in combination with Tgif1 inactivation,

which is consistent with our mechanistic model in which TGIF1

functions to antagonize Twist1.

TGIF1 phosphorylation in human PDAC disrupts its tumor
suppressor function

To attest to the clinical relevance of our findings, we took advantage

of previous studies from our and other laboratories reporting that
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activation of Ras/MAPK signaling can trigger TGIF1 phosphoryla-

tion at Thr235/Thr239 (Ferrand et al, 2007; Lo et al, 2001), though

the impact of this phosphorylation remained unexplored. Notewor-

thy, TGIF1 migrates as a double band in SDS–PAGE, with the slower

migrating band corresponding to the phosphorylated form (see

Figs 3, 6 and 7, and EV1, Appendix Figs S2 and S5). To explore

more deeply the impact of TGIF1 phosphorylation, we generated an

antibody that specifically recognizes TGIF1 phosphorylated at

Thr235/Thr239 (T235/239), as gauged by its inability to recognize a

TGIF1 mutant in which Thr235/Thr239 were replaced by Ala

(TGIF1.2TA) in immunoblotting assays using extracts from reconsti-

tuted Tgif1�/� MEFs (Fig 6A). In an alternative control experiment,

we found that TGIF1 was less phosphorylated in BxPC3 than

MiaPaCa-2 cells, which harbor wild-type and oncogenic KRAS,

respectively (Appendix Fig S5A). Using this antibody, we performed

IHC experiments to assess phosphorylation of TGIF1 in two human

PDAC tissue microarrays (TMAs) containing 80 and 103 samples,

respectively. We detected a marked increase in TGIF1 phosphoryla-

tion in more than 90% of PDAC samples, and this increase was

observed at any stage of tumorigenesis examined, although its

extent tends to increase with PDAC progression (Fig 6B and C, and

Appendix Fig S5B), which is in agreement with the literature that

most of human PDAC tumors harbor constitutively active Kras

signaling (Almoguera et al, 1988; Hezel et al, 2006). Interestingly,

high levels of TGIF1 phosphorylation were associated with high

levels of Twist1 expression, and vice versa (Fig 6B), further attest-

ing to the relationship between TGIF1 and Twist1.

In light of this clinically relevant finding, we sought to investi-

gate whether constitutive phosphorylation of TGIF1 could affect its

ability to suppress PDAC. To probe this possibility, we first

conducted experiments to analyze the effects of TGIF1 phosphoryla-

tion on the interaction of TGIF1 with Twist1 as well as on the

expression of Twist1. Using a mammalian two-hybrid approach, we

observed a significant decrease in the TGIF1-Twist1 interaction

upon expression of KrasG12D in BxPC3 cells (Appendix Fig S5C).

Under these experimental conditions, TGIF1.2TA (phosphorylation-

defective mutant) exhibited more affinity for Twist1, and its interac-

tion with Twist1 was not affected by KrasG12D (Appendix Fig S5C).

These results provide further evidence that TGIF1 and Twist1 form

a physical complex, whose level appears to decline in the presence

of oncogenic KRAS.

Next, we found that overexpressing a double mutant that mimics

phosphorylation at T235/239 (TGIF1.2TD) completely blocked

TGIF1-induced repression of the TGTLuc reporter in MIAPaCa-2 cells

(Appendix Fig S5D). Congruently, TGIF1.2TD was neither able to

bind to the Twist1 promoter, nor able to inhibit Twist1 expression

in MIAPaCa-2 cells (Fig 6D and E, and Appendix Fig S5E). In an

alternative experimental approach, expressing KrasG12D dampened

the ability of wild-type TGIF1 to repress Twist1 transcription activ-

ity, but failed to do so in the presence of the phosphorylation-defec-

tive mutant TGIF1.2TA (Fig 6F). A similar conclusion could be

drawn when the expression of Twist1 target genes (e.g., CDH1,

p16INK4A) was examined (Fig 6G and H). To substantiate the find-

ings that TGIF1 phosphorylation disrupts its ability to repress Twist1

transcription, we extended our experiments to examine whether

TGIF1 phosphorylation could also disrupt its anti-tumor activity. To

this end, we used four different human PDAC cell lines harboring

constitutive active mutant KRAS (i.e., MIAPaCa-2, KRASG12C; Suit-2,

KRASG12D; Capan-2, KRASG12V; Panc-1, KRASG12D). As shown in

Fig 7A, Suit-2 and MIAPaCa-2 cells display a more mesenchymal

phenotype, whereas Capan-2 and Panc-1 cells display a more epithe-

lial phenotype. We also found that cells with high TGIF1 expression

displayed low Twist1 expression, and vice versa (Fig 7B), making

these cell lines suitable for our study. Remarkably, we found that

although transfecting wild-type TGIF1 had little or no toxicity 48 h

after transfection, it almost completely blocked proliferation of all

four cell lines after 2 to 3 weeks, depending on the cell type (Fig 7C

and D, and Appendix Fig S6). Under these experimental conditions,

overexpression of phosphorylation-mimic mutant TGIF1.2TD was

void of any significant effect on MIAPaCa-2, Suit-2, and Panc-1 cell

growth. Intriguingly, expression of TGIF1.2TD stimulated prolifera-

tion of Capan-2 cells (Fig 7D), suggesting that TGIF1 phosphoryla-

tion might switch TGIF1 from an inhibitor to an activator of cell

proliferation in this particular cell line. Of note, TGIF1.2TD was

expressed at a level similar to that observed for wild-type TGIF1

(Fig 7C). When taken together with our genetic experiments using

KTC mice, these findings provide strong evidence that TGIF1 acts to

restrain oncogenic Kras-driven PDAC and further suggest that this

TGIF1 tumor-suppressive function might be inactivated by phospho-

rylation in human PDAC harboring constitutive Kras signaling.

Discussion

TGIF1 belongs to the superfamily of TALE homeodomain proteins,

which control an array of important cellular processes, such as spec-

ification of developmental fate, proliferation, apoptosis, and dif-

ferentiation (Burglin & Affolter, 2016; Wotton & Massague, 2001).

Although mice with global Tgif1 deletion develop normally and are

fertile, they show a large spectrum of subtle abnormalities, which

◀ Figure 4. TGIF1 inhibits Twist1 transcriptional activity.

A PL45 stably expressing both Dox-inducible TGIF1 and Tam-inducible Twist1 (Twist1ER) were treated with Tam and/or Dox for 48 h and analyzed for Twist1
expression by immunoblotting or qRT–PCR (n = 6).

B MIAPaCa-2 cells were transfected with wild-type or mutated (Twist1 binding site) Twist1 luciferase reporters (TGTLuc) together with increasing amounts of Twist1
expression vector in the presence of empty vector (EV) or TGIF1 expression vector. Luciferase activity was measured 48 h following transfection and normalized on
the basis of co-transfected Renilla luciferase (n = 6).

C Total lysates from pancreas of control, KC, or KTC mice were pooled and analyzed by immunoblotting using antibodies to E-Cadherin, Vimentin, p16Ink4A, and b-
Actin (n = 6).

D–F Expression of Cdh1, Vimentin, and p16Ink4A in pancreas from control, KC, or KTC mice (same as in C) was analyzed by qRT–PCR (n = 6).
G FFPE pancreatic sections from control, KC, or KTC mice were stained with H&E or immunostained with antibodies to E-Cadherin, Vimentin, or p16Ink4a and

revealed by IF or IHC. Representative pictures at 20× are shown (n = 30). Scale bars, 200 lM.

Data information: For (A, B, D, E, and F), data are expressed as mean � SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant; based on a two-tailed Student’s test.
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were mainly attributed to de-repression of TGF-b/Smad signaling

(Bartholin et al, 2006; Hneino et al, 2012; Mar & Hoodless, 2006;

Taniguchi et al, 2012). This observation provided us with a unique

opportunity to further interrogate the role of TGF-b/Smad signaling

during PDAC pathogenesis and progression under gain-of-function

conditions, since most of studies available to date relied exclusively

on loss-of-function approaches targeting either TbRII or Smad4

(Bardeesy et al, 2006b; Ijichi et al, 2006; Whittle et al, 2015). In this

study, we show that pancreas-specific deletion of Tgif1 had no

discernible impact on pancreatic development or physiology despite

hyperactivation of TGF-b signaling. Quite intriguingly, Tgif1 inacti-

vation in the context of oncogenic KrasG12D resulted in a dramatic

acceleration of PDAC development and progression. From a

mechanistic perspective, we demonstrate that TGIF1 functions as a

direct transcriptional repressor of Twist1 (see model in Fig 7E). We

went on to obtain genetic evidence demonstrating a requirement of

Twist1 for the acquisition of the PDAC metastatic phenotype driven

by the combined KrasG12D expression and Tgif1 inactivation. These

results have several ramifications for our understanding of the

molecular mechanisms underlying PDAC pathogenesis and progres-

sion, which could ultimately leverage current efforts to curb this

lethal malignancy.

TGF-b/Smad is well known to suppress normal epithelial growth,

thereby functioning as an early tumor suppressor. This function has

been extensively studied, as has TGF-b’s late-stage role in metasta-

sis (Massague, 2008). However, in the absence of genetic tools to

BA

C D E

Figure 5. Twist1 inactivation blocks PDAC formation and metastasis in KTC mice.

A Kaplan–Meier survival analysis of control, KTC, and KTWC mice.
B FFPE sections of pancreas or liver from control, KTC, or KTWC mice were stained with H&E or immunostained with anti-CK19 antibody and revealed by IHC.

Representative pictures at 10× (Liver, H&E) or 20× (Pancreas, H&E; Pancreas, IHC-CK19) are shown (n = 30). Scale bars, 400 lM (Liver, H&E) and 200 lM (Pancreas,
H&E; Pancreas, IHC-CK19).

C–E Expression of Cdh1, Vimentin, and p16Ink4A in pancreas from control, KTC, or KTWC mice was analyzed by qRT–PCR (n = 6). Data are expressed as mean � SEM.
**P < 0.01; ***P < 0.001; based on a two-tailed Student’s test.

10 of 19 The EMBO Journal 38: e101067 | 2019 ª 2019 The Authors

The EMBO Journal Parash Parajuli et al



A
B

D EC

F G H

Figure 6. Increased TGIF1 phosphorylation in human PDAC.

A Specificity of anti-phospho-TGIF1 (pTGIF1) antibody. Cell extracts from Tgif1�/� MEFs cells reconstituted with empty vector (EV), wild-type (TGIF1) or non-
phosphorylated form (TGIF1.2TA) of Flag-TGIF1 were immunoblotted with anti-phospho-TGIF1 or b-Actin as a loading control.

B, C Expression of pTGIF1 and Twist1 in human tissue microarrays of human PDAC samples was analyzed by immunohistochemistry. Representative pictures at
different stages (40×) are shown. The percentages of samples with high versus low expression of pTGIF1 and Twist1 in normal tissues versus PDAC tissues are
shown. Scale bars, 100 lM.

D, E MIAPaCa-2 cells were transfected with TGIF1 or TGIF1.2TD expression vectors and selected with G418, and resistance colonies were pooled (n = 6). Expression of
Twist1 was examined by qRT–PCR (D). Binding of TGIF1 to the Twist1 promoter was examined by ChIP and agarose gel.

F BxPC3 cells were transfected with TGTLuc together with TGIF1 or TGIF1.2TA in the presence or absence of KrasG12D. Luciferase activity was measured 48 h following
transfection and normalized on the basis of co-transfected Renilla luciferase (n = 6).

G, H BxPC3 cells were transfected with CDH1Luc or p16Luc reporter together with TGIF1 or TGIF1.2TA in the presence or absence of KrasG12D, and luciferase activity was
measured 48 h following transfection as described in (E) (n = 6).

Data information: For (D, F, G, and H), data are expressed as mean � SEM. **P < 0.01; ***P < 0.001; ns: not significant; based on a two-tailed Student’s test.

ª 2019 The Authors The EMBO Journal 38: e101067 | 2019 11 of 19

Parash Parajuli et al The EMBO Journal



D

BA C

E

Figure 7.

12 of 19 The EMBO Journal 38: e101067 | 2019 ª 2019 The Authors

The EMBO Journal Parash Parajuli et al



explore intermediate stages of tumor progression, the prior specula-

tion as to TGF-b dual function during PDAC progression had been

that loss of the TGF-b cytostatic program might cause cells to escape

from appropriate growth regulation, which would result in cell

transformation. At later stages, other TGF-b responses then purport-

edly prevail that are unrelated to TGF-b cytostatic effects but which

favor PDAC invasion and metastasis (Bardeesy et al, 2006b; David

et al, 2016; Ijichi et al, 2006; Whittle et al, 2015). In further support

to this notion, TGF-b is highly expressed in human PDAC tumors, a

feature correlating with poor prognosis (Bardeesy et al, 2006b;

Friess et al, 1993; Wagner et al, 1999). Paradoxically, genetic dele-

tion of either Smad4 or TbRII in a wild-type background revealed no

obvious effects on normal pancreatic development, demonstrating

that inactivation of TGF-b signaling per se is not sufficient to induce

cell transformation (Bardeesy et al, 2006b; Ijichi et al, 2006).

However, Smad4 or TbRII inactivation led to rapid progression of

pancreatic tumors in the context of KrasG12D, though the tumors

retained epithelial differentiation and manifest an attenuated meta-

static potential, in line with the hypothesis that TGF-b signaling

might enhance malignant conversion and promote metastasis

(Bardeesy et al, 2006b; Ijichi et al, 2006). So far, definitive evidence

on whether TGF-b signaling indeed promotes PDAC is still lacking.

Remarkably, we found in this study that Tgif1 ablation in the

pancreatic epithelium culminated in constitutive activation of TGF-b
signaling but failed to oppose KrasG12D-driven PDAC, suggesting

that activation of this signaling during early development (E8.5,

stage in which Pdx1-Cre is expressed) might not be sufficient to

suppress PDAC tumor formation. Although the mechanistic basis

for this unanticipated finding remains to be established experimen-

tally, one would speculate that inactivation of Tgif1 might lead to

activation of a bona fide oncogene(s) that enable KrasG12D to bypass

the TGF-b tumor-suppressive barrier during PDAC development.

Alternatively, Tgif1 inactivation might result in de-repression of

signaling pathways activated by other TGF-b superfamily members,

such as Activins and BMPs, which are known to signal through

Smad proteins to enhance malignancy and promote cancer metasta-

sis in a variety of human malignancies (Attisano & Wrana, 2000;

Feng & Derynck, 2005; Massague, 2008; Massague et al, 2005).

Under this latter scenario, sustained activation of Activin or BMP

signaling should overcome the tumor-suppressive function of TGF-b
signaling while eliciting at the same pro-tumorigenic and pro-meta-

static effects. Finally, it is also conceivable that Tgif1 inactivation

might affect other signaling pathways (i.e., Wnt, TNF-a) that

together with TGF-b ensure a dynamic balance between pancreatic

cell growth and differentiation to maintain homeostatic pancreatic

physiology even in the presence of oncogenic insults (Demange

et al, 2009; Zhang et al, 2015). As such, a thorough exploration of

such potential mechanisms may provide valuable insights into the

existence of tumor suppressor or oncogenic pathways that either

enable or oppose TGF-b bimodal functions during the course of

PDAC pathogenesis and progression. Moreover, in light of the

general notion that the TGF-b bimodal function operates in a non-

tissue-specific manner, it will be interesting to determine whether

the molecular mechanisms we’ve unearthed here will extend to

other human malignancies.

In attempts to delineate the mechanisms by which Tgif1 inactiva-

tion accelerates KrasG12D-induced PDAC progression, we found that

TGIF1 associates with and represses Twist1 transcriptional activity,

thereby promoting expression of E-Cadherin, which is known to

suppress cell invasion and metastasis owing to its ability to main-

tain epithelium structure and integrity (Mani et al, 2008; Valastyan

& Weinberg, 2011; Yang et al, 2004). The ability of TGIF1 to antago-

nize Twist1 transcriptional activity also promotes expression of the

tumor suppressor gene p16Ink4A, which is inactivated in more than

90% of human PDAC (Hezel et al, 2006; Iacobuzio-Donahue, 2012).

Subsequent genetic experiments showed that Twist1 deletion was

sufficient to reverse the aggressive PDAC phenotype driven by the

simultaneous Tgif1 inactivation and KrasG12D expression. Although

this model clearly underscored the relevance of TGIF1-dependent

suppression of Twist1 expression and activity to PDAC formation

and progression, an important question remains as to whether this

molecular route would unleash the TGF-b-driven tumor invasive-

ness and metastasis, and, if so, how it acts mechanistically. At

present, we found that activation of TGF-b signaling had little or no

effect on the physical interaction between TGIF1 and Twist1, raising

the possibility that Tgif1 inactivation might lead to activation of

Twist1 independently of TGF-b signaling. Based on our in vivo find-

ings, one would speculate that Tgif1 inactivation might impact at

least two distinct networks (i.e., TGF-b, Twist1) that perhaps

converge together to deepen PDAC proliferative and metastatic

behaviors. While we cannot exclude the possibility that other path-

ways also contribute to the metastatic PDAC phenotype in KTC

mice, our study provides tantalizing insights into mechanistic para-

digms of PDAC pathogenesis and progression and thus offers a

framework for further studies seeking alternative therapeutic

options for this incurable malignancy. For instance, it would be

highly informative to apply other integrative approaches, such as

RNA sequencing, ChIP-sequencing, proteomic, and lipodomic, to

identify other genes and pathways that cooperate with Tgif1 inacti-

vation to bolster the PDAC phenotype initiated by KrasG12D.

There is compelling evidence that Twist1 plays multiple roles

during carcinogenesis, initially facilitating malignant transforma-

tion through suppression of key tumor suppressor pathways, and

subsequently executing key aspects of cell movement, extravasion,

and metastasis following tumor formation (Lee & Bar-Sagi, 2010;

Maestro et al, 1999; Piccinin et al, 2012; Shiota et al, 2008;

◀ Figure 7. TGIF1 phosphorylation in PDAC disrupts its anti-tumor activity.

A Representative microscope pictures (20×) of MIAPaCa-2, Suit-2, Capan-2, and Panc-1 cells. Scale bars, 200 lM.
B Expression of TGIF1 and Twist1 in MIAPaCa-2, Suit-2, Capan-2, and Panc-1 cells was analyzed by immunoblotting.
C, D MIAPaCa-2, Suit-2, Capan-2, and Panc-1 cells were transfected with empty vector (EV), wild-type (TGIF1), or phosphorylation-mimic mutant (TGIF1.2TD) of TGIF1.

Cell extracts were analyzed 48 h following transfection by immunoblotting using anti-Flag antibody (C). Cells were selected with neomycin for 2–3 weeks and
counted using an automatic cell counter (D) (n = 6). Data are expressed as mean � SEM. **P < 0.01; ***P < 0.001; based on a two-tailed Student’s test.

E Model of suppression of TGIF1 function by KrasG12D/MPK-mediated phosphorylation. In this model, acquisition of KrasG12D leads to constitutive activation of MAPK/
ERK, which in turn phosphorylates TGIF1. Phosphorylation of TGIF1 disrupts its ability to inhibit Twist1 expression, thereby leading to suppression of CDH1 and
p16INK4A expression and attendant PDAC formation and progression.
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Vichalkovski et al, 2010). Further bolstering those oncogenic func-

tions, increased Twist1 expression correlates with increased risk of

metastasis and poor prognosis in a number of malignancies,

including PDAC (Lee & Bar-Sagi, 2010; Valastyan & Weinberg,

2011). Of particular relevance, a landmark study from the Bar-Sagi

group has suggested that Twist1 functions to promote KrasG12D-

driven PDAC progression by repressing p16INK4A (Lee & Bar-Sagi,

2010). Our present study reinforces and extends this finding and

provides another layer of the complexity of PDAC by demonstrat-

ing that TGIF1 functions upstream of Twist1 to regulate p16INKA

expression. Interestingly, Twist1 ablation resulted in complete

abrogation of PDAC development and metastasis in KTC mice,

providing the proof-of-principle experiments that Twist1 might not

only function to execute cell invasion and metastasis once the

PDAC tumor has developed, but also facilitate the initial malignant

transformation following oncogenic Kras acquisition. Although

these findings seem to confirm earlier observations from the Bar-

Sagi group, another recent study has revealed that Twist1 deletion

was ineffective at suppressing PDAC driven by the combined

expression of KrasG12D and gain-of-function mutant p53, and,

therefore, questioning the contribution of Twist1 to PDAC develop-

ment (Zhang et al, 2015). In light of our present study, this

discrepancy could be attributed to the genetic alterations in ques-

tion, as TGIF1 seems to act mainly through repression of Twist1,

whereas mutant p53 likely elicits its malignant effects through very

complex mechanisms, often involving multiple genes and signaling

pathways. It should be noted that our recent published studies

have shown that pancreas-specific deletion of Twist1 elicited either

no effect or complete suppression of PDAC, depending on the

genetic background (i.e., p16Ink4A deletion versus Trp53 deletion;

Parajuli et al, 2018). These observations appear to reconcile all

previously incongruent data regarding Twist1 in the context of

PDAC and further shed important insights into the complex roles

of this pro-malignant transcription factor in PDAC, and perhaps in

other human malignancies.

Perhaps the most impressive finding in this study is the massive

increase in TGIF1 phosphorylation in human PDAC, which occurs

in more than 90% of samples irrespective of the stages of cancer

examined. Interestingly, pharmacological inhibition of MEK/ERK

signaling has been shown to suppress PDAC formation in KC mice,

providing direct evidence that constitutive Kras/MEK/ERK plays a

key role in PDAC pathogenesis (Collins et al, 2014). Since MAPK/

ERK phosphorylates TGIF1 (Ferrand et al, 2007; Lo et al, 2001),

the high occurrence of TGIF1 phosphorylation fits well with the

general notion that the vast majority of human PDAC tumors

harbor constitutively active Kras signaling (Almoguera et al, 1988;

Hezel et al, 2006). Subsequent functional studies showed that

TGIF1 phosphorylation completely disrupted its ability to repress

Twist1 expression. Likewise, TGIF1 phosphorylation also disrupted

its ability to inhibit proliferation of human PDAC cell lines, raising

the provocative possibility that TGIF1 tumor-suppressive function

might be inactivated by phosphorylation in human PDAC display-

ing constitutive Kras signaling. Quite intriguingly, we found that

expression of the phospho-mimic mutant TGIF1.2TD cells stimu-

lated proliferation of Capan-2 cells, providing an initial hint that

phosphorylation might switch TGIF1 from an inhibitor to a

promoter of PDAC cell growth at least under specific circum-

stances. It would be appealing in future studies to examine

whether TGIF1 phosphorylation also contributes to its oncogenic

functions in breast cancer and acute promyelocytic leukemia

described in our previous studies (Prunier et al, 2015; Zhang et al,

2015). Likewise, since TGF-b can also activate the MAPK/ERK

signaling pathway, it would also be appealing to determine

whether increased abundance of TGF-b at late stages of PDAC

could cooperate with KrasG12D to inactivate TGIF1 tumor suppres-

sor function. As such, our identification of TGIF1 as a potential

tumor suppressor in PDAC that connects oncogenic Kras to Twist1

provides an unprecedented platform for future identification of

potential targets amenable to therapeutic intervention in PDAC,

and possibly in other malignancies with frequent oncogenic Kras

alterations, such as colorectal and lung cancers (Lau & Haigis,

2009).

Materials and Methods

Plasmids

pCMV5-2xHA-TGIF1, pCMV5-2xHA-TGIF1Δ148-177, pBICEP-CMV2-

3xFlag-TGIF1, pMT-Gal4-TGIF1, pcDNA5-TO-6xMyc-TGIF1,

pTRIPZ-sh.TGIF1, pBABE-puro-mTwist1, pcDNA6-TR, pMT (Gal4),

pVP (VP16), pBICEP-CMV2-3xFlag and pG5E1b-Luc were previously

described (Faresse et al, 2008; Pessah et al, 2001; Prunier et al,

2015; Seo et al, 2006; Zhang et al, 2015). pWZL-Blast-Twist1ER and

pBABE-puro-mTwist1 were obtained from Dr. Robert Weinberg

(Addgene #18799 and #1783, respectively). The Twist1 luciferase

reporter (TGTLuc) was kindly provided by Dr. Lu-Hai Wang (Cheng

et al, 2008). The CDH1Luc reported was kindly provided by Dr. Jing

Yang (Yang et al, 2004).

Introduction of mutations into the Twist1 binding site (CAGCTG)

or the TGIF1 binding site (TGCTGTCACA) in the TGTLuc reporter

was performed by PCR using the QuickChange Site-Directed Muta-

genesis kit according to the manufacturer’s instructions (Strata-

gene). The TGIF1 phospho-mimic and phospho-defective mutations

were introduced into the pBICEP-CMV2-3xFlag-TGIF1 or pMT-Gal4-

TGIF1 using QuickChange Site-Directed Mutagenesis.

To generate the expression vector encoding Flag-Twist1, Twist1

cDNA was obtained by PCR using pBABE-puro-mTwist1 as template

and cloned into pBICEP-CMV2-3xFlag. To generate the p16Luc

reporter, genomic DNA (1,200 bp) upstream of the translation start

site was amplified by the Genomic-GC PCR amplification kit (BD

Biosciences) using genomic DNA from HMLE cells as previously

described (Parajuli et al, 2018). All cloned DNA fragments and their

corresponding mutants were checked by sequencing. The sequence

of all primers used for cloning is available upon request.

To produce lentiviruses encoding shRNAs in pTRIPZ (doxycy-

cline-inducible), the expression vector was transfected into

HEK293T cells along with the packaging mix and lentiviruses were

purified following the manufacturer’s guidelines (Thermo-scien-

tific).

Antibodies

Anti-Flag M2 and anti-a-Smooth Muscle Actin (Sigma-Aldrich); anti-

HA and anti-c-Myc 9E10 (Roche); anti-TGIF1, anti-Twist1, and a-
Amylase (Santa Cruz Biotechnology); anti-phophso-Smad2-S465/
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S467, anti-Smad2, anti-BrdU, anti-E-Cadherin, anti-Glucagon, anti-

Insulin, anti-JunB, and anti-Vimentin (Cell Signaling Technology);

and anti-TGIF1, anti-Twist1, anti-CDK2A/p16INK4A, anti-Chromogranin,

and anti-Cytokeratin 19 (Abcam). Polyclonal anti-phospho-TGIF1

antibody was generated using a phosphopeptide encompassing

Thr235 and Thr239 (performed by Primm Biotech). Goat anti-rabbit

or goat anti-mouse secondary antibodies conjugated to horseradish

peroxidase were purchased from Cell signaling. The specificity of

antibodies against TGIF1 and Twist1 was confirmed using extracts

of pancreatic tissue deleted of Tgif1 or Twist1. All other antibodies

were extensively characterized in other studies.

Cell lines and culture

All cell lines used in this study were obtained from American Type

Culture Collection. They were cultured in Dulbecco’s modified

Eagle’s medium (DMEM) with or without phenol red and supple-

mented with 10% fetal calf serum (FCS) and antibiotics. MIAPaCa-

2, Suit-2, Capan-2, and Panc-1 cells were chosen to study the role of

TGIF1 phosphorylation in PDAC because they harbor oncogenic

KRAS, which activates MAPK/ERK that in turn phosphorylates

TGIF1. BxPC3 cells were also chosen to study the role of TGIF1

phosphorylation in the absence or presence of KarsG12D because

they harbor the wild-type KRAS gene.

Generation of stable cell lines

To generate PL45-Dox-Myc-TGIF1, cells were first transfected with

pcDNA6-TR (Invitrogen) and selected with blasticidin. Then, cells

expressing the Tet-transactivator were transfected with pcDNA5-TO-

6xMyc-TGIF1 and selected with hygromycin, and colonies express-

ing the transgenes (20 colonies) were identified by Western blotting

and pooled. For inducible depletion of TGIF1, cells were infected

with pTRIPZ-sh.TGIF1 and selected with puromycin. Then, resistant

colonies were pooled and expanded as single populations. For

Twist1ER expression, PL45-Dox-Myc-TGIF1 were transfected with

pWZL-Blast-Twist1ER together with the empty vector pBabe-puro

and selected with puromycin and resistant positive colonies (identi-

fied by immunoblotting using anti-Twist1 antibody) were pooled

and expanded as single populations.

Yeast two-hybrid screen

To identify novel TGIF1 partners, we performed a yeast two-hybrid

screening using a fragment of human TGIF1 (amino acid 1–192) as

bait, as described in our previous study (Ettahar et al, 2013).

Briefly, after PCR amplification, the TGIF1 fragment was cloned into

pGBKT7 (Clontech) as a C-terminal fusion to the GAL4 DNA-binding

domain (DNA-BD; amino acids 1–147) and transformed into the

Y2HGold Yeast strain (Clontech). For the prey, we used a universal

human cDNA library cloned into pGADT7 (Clontech), a yeast two-

hybrid expression vector designed to express a prey protein fused to

the GAL4 activation domain (AD; amino acids 768–881). The whole

library was transformed into the Y187 Yeast strain (Clontech), and

ten million independent yeast colonies were collected and pooled.

The bait and prey strains were mated, and colonies were selected on

a medium deficient for tryptophan and leucine and supplemented

with X-Gal. Positive colonies were confirmed on a medium lacking

tryptophan, leucine, and histidine. The prey fragments of the posi-

tive colonies were sequenced, and the resulting sequences were

used to interrogate GenBank databases. Twist1 was one of the preys

that exhibit strong and specific binding to TGIF1.

Mice

Tgif1 global knockout (Tgif1�/�), Tgif1.Loxp/Loxp (Tgif1fl/fl), Twis-

t1.Loxp/Loxp (Twist1fl/fl), p16Ink4A-Luciferase (p16Luc), Loxp-Stop-

Loxp-KrasG12D (LSL.KrasG12D), CAG-Loxp-Stop-Loxp-Luciferase (LSL-

Luc), and Pdx1-Cre were described previously (Parajuli et al, 2018;

Zhang et al, 2015). Loxp-Stop-Loxp-Trp53R172H (LSL-Trp53R172H)

mice were obtained from the NCI Mouse Repository.

The PDAC mouse models were generated through successive

crossbreeding of Tgif1fl/fl, Twist1fl/fl, p16Luc, Trp53fl/fl, LSL-KrasG12D,

LSL-Luc, and Pdx1-Cre mice as appropriate. Their genotypes are as

follows:

Tgif1KO: Tgif1fl/fl;Pdx1-Cre

Twist1KO: Twist1fl/fl;Pdx1-Cre

KC: LSL-KrasG12D;Pdx1-Cre

KCLuc: LSL-KrasG12D;LSL-Luc;Pdx1-Cre

KTCLuc: LSL-KrasG12D;Tgif1fl/fl;LSL-Luc;Pdx1-Cre

KWC: LSL-KrasG12D;Twist1fl/fl;Pdx1-Cre

KTWC: LSL-KrasG12D;Tgif1fl/fl;Twist1fl/fl;Pdx1-Cre

KPC: LSL-KrasG12D;LSL-Trp53R172H;Pdx1-Cre

KIC: LSL-KrasG12D;p16Luc;Pdx1-Cre

All animal experiments were approved by the Institutional

Animal Care and Use Committee (IACUC) of the University of

Mississippi Medical Center. All mice were maintained on a mixed

C57BL/6 and FVB/N genetic background. Mice were maintained in

12-h light:dark cycles (6:00 am to 6:00 pm) at 22°C and fed a stan-

dard rodent chow diet. Formation of PDAC in all mice enrolled in

the study was confirmed using pancreatic tissue sections stained

with hematoxylin and eosin (H&E) or immunostained with an anti-

body to the ductal marker Cytokeratin 19 (see below). For in vivo

imaging, mice were anaesthetized by isoflurane inhalation and

imaged after injection of D-luciferin (Perkin Elmer) using a Xenogen

IVIS Spectrum (Caliper Life Sciences, Hopkinton, MA). Tumor

metastasis was assessed by bioluminescence imaging of dissected

tissues and confirmed by H&E staining. For the study involving

blood glucose levels, mice were fasted for 6 h, injected with vehicle

or 2 g/kg body weight glucose (Sigma-Aldrich), and blood drained

from the tail was quantified by the ReLiOn system (ReLiOn). To

measure cell proliferation in vivo, mice were injected with 100 mg/

kg body weight BrdU (Sigma-Aldrich) and euthanized 48 h follow-

ing injection. To take pancreas pictures inside the abdomen, the

orientation of the tissue was preserved in order to avoid altering the

liver (principal site of PDAC metastasis), which is located in close

proximity to the pancreas (see pictures in Fig 2A). To take pancreas

pictures after tissue collection, the excised pancreas was unrolled

before the photo acquisition in order to show both the head and tail

of the pancreas.

Immunoblotting and coimmunopreciptation

Cell extracts were prepared in lysis buffer containing 50 mM Tris

HCl (pH 8.0), 120 mM NaCl, 5 mM EDTA, 1% Igepal, protease
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inhibitors (Roche Diagnostics), and phosphatase inhibitors (Cal-

biochem). Protein concentrations were determined using the Brad-

ford reagent (Sigma-Aldrich), and samples were denatured using

SDS sample buffer (Invitrogen). For coimmunoprecipitation, cell

extracts were cleared by pre-incubation with Sepharose-coupled

protein G and centrifugation. Then, cell lysates were incubated

with the appropriate antibody for 2 h in the absence or presence

of bovine DNase I (Sigma-Aldrich), followed by adsorption to

Sepharose-coupled protein G for 1 h. Immune complexes were

washed five times with lysis buffer. For both coimmunoprecipita-

tion and direct immunoblotting, samples were boiled in denatura-

tion sample buffer, loaded into a NuPAGE Bis-Tris Gel (Invitrogen)

and separated by electrophoreses at 200 V. The gels were then

transferred onto a nitrocellulose membrane (BioRad) by a wet

transfer system (BioRad) and blocked by incubation with 5% dry

milk in TBST (TBS with 0.2% Tween20). Membranes were probed

with the primary antibody for 2 h at room temperature in the

blocking buffer, washed with TBST, and incubated with the peroxi-

dase-conjugated secondary antibody. Enhanced chemiluminescence

(ECL) Western blotting substrates (Pierce) were used for visualiza-

tion of the results. Primary antibodies against the following anti-

gens were used at specified dilutions: Twist1, 1:500; pSmad2,

1:1,000; Smad2, 1:1,000; TGIF1 1:2,000; pTGIF1, 1:5,000; E-

Cadherin, 1:1,000; Vimentin, 1:1,000; p16Ink4A, 1:200; Flag,

1:2,000; HA, 1:5,000; Myc, 1:1,000; and b-Actin, 1:5,000.

Immunofluorescence and histology

Tissue samples were fixed in 10% formalin and embedded in paraf-

fin. Human tissue microarrays (TMA) were obtained from US

Biomax, Inc. Tissue sections were deparaffinized with xylene and

rehydrated in a graded series of ethanol. Antigen retrieval was

performed for 30 min at high temperature in citrate buffer. Then,

slides were blocked and incubated overnight with anti-BrdU

(1:100), anti-JunB (1:100), anti-E-Cadherin (1:100), anti-pSmad2

(1:100), anti-Vimentin (1:100), anti-p16Ink4a (1:100), anti-Twist1

(1:100), anti-pTGIF1 (1:50), or IgG-matched isotype control anti-

body (negative control) at 4°C. Finally, slides were incubated with

the secondary antibodies conjugated to Alexa-Fluor�568 or Alexa-

Fluor�448 and co-stained with DAPI. Slides were viewed on a fluo-

rescence microscope. For quantification of human TMA, samples

were scored 0 (undetectable), 1 (low), 2 (medium), and 3 (high)

under a microscope in a blinded manner.

For pancreatic tissue histology, paraffin sections were stained

with hematoxylin and eosin (H&E) using standard techniques. For

immunohistochemistry, formalin-fixed paraffin-embedded sections

were immunostained with anti-Amylase (1:100), anti-a-Smooth

muscle actin (1:500), anti-Chromogranin (1:100), anti-Cytokeratin

19 (1:100), anti-Glucagon (1:200), anti-Insulin (1:400), anti-pTGIF1

(1:100), anti-p16Ink4a (1:100), or anti-JunB (1:100), followed by

incubation with secondary antibody conjugated with peroxidase and

revealed by DAB using standard techniques.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assays were performed

using the ChIP assay kit following the manufacturer’s instructions

(Millipore). Briefly, chromatin was extracted from tissue or cell

samples, sonicated, and immunoprecipitated with antibodies against

TGIF1, Twist1, or IgG-matched isotype control. PCR was run on the

chromatin, and the products were analyzed on a 2% agarose gel.

Relative DNA binding was determined by quantitative PCR (qPCR)

as described previously (Parajuli et al, 2018; Zhang et al, 2015).

The following primers were used:

Primers for human ChIP

TWIST1, TGIF1 site-For 50-CAATCCCAAATCGGCCCCAC-30

TWIST1, TGIF1 site-Rev 50-CGGAGGAGACTGTCCTGGCC-30

GAPDH-For 50CGGGATTGTCTGCCCTAATTAT-30

GAPDH-Rev 50GCACGGAAGGTCACGATGT-30

Primers for mouse ChIP

Twist1, TGIF1 site-For 50-GGCCCGGAGAACTCCGAGGG-30

Twist1, TGIF1 site-Rev 50-CTGTCTGGGTCGCTGTTGCAG-30

Twist1, Twist1 site-For 50-CCGCTTGCAATCAACCAACATG-30

Twist1, Twist1 site-Rev 50-CCTTGAGAACATTTCATGTCC-30

Gapdh-For 50-ATCCACGACGGACACATTGG-30

Gapdh-Rev 50-TGGTGCTGCCAAGGCTGTGG-30

Real-time PCR (qRT–PCR)

Total RNA was extracted from frozen mice tissue samples or

cultured cells using TRIzol, purified with QIAGEN RNeasy mini-

columns, and reverse transcribed using a High-Capacity cDNA

Reverse Transcription kit (Applied Biosystems). The resulting cDNA

was analyzed by qRT–PCR. Briefly, 25 ng cDNA and 150 nmol of

each primer were mixed with SYBR GreenER qPCR SuperMix (Invit-

rogen). Reactions were performed in the 96-well format using an

ABI PRISM 7900HT instrument (Applied Biosystems). Relative

mRNA levels were calculated using the comparative CT method and

normalized to Gapdh mRNA.

Primers used for mouse samples:

Twist1-For 50-CTCGGACAAGCTGAGCAAGA-30

Twist1-Rev 50-GCAGGACCTGGTACAGGAAG-30

JunB-For 50-TCACGACGACTCTTACGCAG-30

JunB-Rev 50-CCTTGAGACCCCGATAGGGA-30

Cdh1-For 50-GTCTCCTCATGGCTTTGC-30

Cdh1-Rev 50-CTTTAGATGCCGCTTCAC-30

p16Ink4A-For 50-GAACTCTTTCGGTCGTACCC-30

p16Ink4A-Rev 50-CGAATCTGCACCGTAGTTGA-30

Gapdh-For 50-CACCATCTTCCAGGAGCGAG-30

Gapdh-Rev 50-CACCATCTTCCAGGAGCGAG-30

Primers used for human cell samples:

TWIST1-For 50-CGGGAGTCCGCAGTCTTA-30

TWIST1-Rev 50-GCTTGAGGGTCTGAATCTTG-30

CDH1-For 50-CTGAGAACGAGGCTAACG-30

CDH1-Rev 50-TTCACATCCAGCACATCC-30

p16INK4A-For 50-CCCAACGCACCGAATAGTTA-30

p16INK4A-Rev 50-ACCAGCGTGTCCAGGAAG-30

GAPDH-For 50-CGCTGAGTACGTGGAGTC-30

GAPDH-Rev 50-GCAGGAGGCATTGCTGATGA-30

Note that the primers used to amplify human TWIST1 in PL45

cells do not recognize exogenous mouse Twist1 expressed from

the pWZL-Blast-Twist1ER expression vector, thus enabling us to

discriminate between endogenous human TWIST1 and mouse

Twist1ER.
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DNA pull-down assay

Purified HA-TGIF1 prepared from HEK293T cells by immunoprecipi-

tation was incubated with 1 lg of biotinylated double-stranded

oligonucleotides and 10 mg Poly(deoxyinosine-deoxycytidine;

Amersham Biosciences) in binding buffer [20 mmol/l Tris (pH 7.5)

and 150 mmol/l NaCl] for 16 h. DNA-bound proteins were collected

with streptavidin–agarose beads, washed with binding buffer, and

analyzed by Western blotting. Sense strand oligonucleotides were 50

biotinylated, and antisense oligonucleotides were unbiotinylated.

The following oligonucleotides pairs were used:

Wild-type sense: 50-CTGTTGCCATTGCTGCTGTCACAGCCACTCCG
G-30

Wild-type antisense: 50-CCGGAGTGGCTGTGAGAGCAGCAATGGCA
ACAG-30

Mutated sense: 50-CTGTTGCCATTGCTGCCACTGTAGCCACTCCGG-
30

Mutated antisense: 50-CCGGAGTGGCTACAGTGGCAGCAATGGCA
ACAG-30

Luciferase reporter assays and mammalian two-hybrid system

For gene reporter assays, MIAPaCa-2 cells were plated in 6-well plates

and transfected with the indicated plasmids using Lipofectamine

2000 (Invitrogen). The pRL-SV40 plasmid (Promega) was co-trans-

fected as a normalization control. Cells were incubated for 24 h with

the transfection mixtures and allowed to recover for another 24 h

before measuring luciferase activity using the Dual-Luciferase

Reporter Assay System. Firefly Luciferase activity was normalized on

the basis of Renilla luciferase expressed from the pRL-SV40 plasmid.

The mammalian two-hybrid system was performed as described

previously (Prunier et al, 2015; Zhang et al, 2015). Briefly, BxPC3

cells were transfected with pG5E1b-Luc together with Gal4-TGIF1

mutants, VP16-Twist1, KrasG12D, and pRL-SV40, as indicated in the

figure. After 48 h, cells were assessed for luciferase activity as

described above. In all experiments, data are expressed as

mean � SEM of six samples from a representative experiment

performed at least three times.

Statistical analysis

For every experiment, sample size was determined empirically (pre-

liminary experiments were performed) to ensure that the desired

statistical power could be achieved. The values are expressed as

mean � SEM. The error bars (SEM) shown for all results were

derived from biological replicates, not technical replicates. Signifi-

cant differences between two groups were evaluated using a two-

tailed, unpaired t-test, which was found to be appropriate for the

statistics, as the sample groups displayed a normal distribution and

comparable variance. Statistical significance of survival differences

was determined by log-rank test.

Expanded View for this article is available online.
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